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by
Robert M, Barash

Approved by: E, Swift, Jr,, Chief
Underwater Explosions Divislon

ABSTRACT: The effects of underwater explosions beneath lake
ice and Arctic ice have been studied experimentally. The
results are applicable to the prediction of underwater damege
ranges from nuclear bursts beneath ice, and to the design of
an explosive ice destructor to provide nuclear submarines with
quick access to the surface,

The underwater shock wave pressure history 1s described as the
superposition of arrivals via five types of propagation path.
The order of arrivals and the pressure contributions vary
considerably as a function of the geometry.

For the ice-breaking epplication, an explosive with high bubble
energy 1is recommended, since the resultant hole radius 1is shown
to be proportional to the free-water maximum bubble radius, for
a given type of 1ice.

EXPLOSIONS RESEARCH DEPARTMENT
U. S, NAVAL ORDNANCE LABORATORY
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Underwater Sxplosions Beneath Ice (U)

This report is a transcript of an oral presentation given at
she Sixth Navy Science Symposium on 3 May 1962, It presents a
summary of some preliminary experimental findings related to
two problems of significance in the use of the Arctic Ocean as
an operational area for nuclear submarines,

The study of explosion shock wave propagation under ice was
performed under WEPTASK No. REOl1-ZA732/212-9/WF008-21-003,
Delivery Criteria for Underwater Nuclear Weapons and the work

on explosive 1ce breaking was done under WEPTASK No,
RUME-3-E-000/212-1/WF008-10-004 PA 002, Supporting Research in
Underwater Explosives and Explosions. Some of the work on

the latter subject was done under WEPTASK No, RUME-2-E-000/212-1/
WF008-01-007 PA 031, Advanced Mines Supporting Research: Applied
Research Analysis and Planning, and WEPTASK No. RUME-2-Q-000/212-
1/“?008-20-002 PA 107, Explosive Destructor EX-27 and 1s also
reported in NOLTR 61-146,

W. D, COLEMAN
Captain, USN
Commander

U- : amt‘m\

C.{/J. ARONSON
By direction
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UNDERWATER EXPLOSIONS BENEATH ICE (U)

I. INTRODUCTION

With growing interest in the use of the Arctic Ocean as an
operational area for submarines, some questions are being raised
about the effects of underwater explosions beneath Arctic ice.,

One such question concerns the damage inflicted upon an
underwater target by the shock wave from an underwater explosion,
Theoretical and experimental studies have been made of how the
amplitudes and shapes of underwater shock wave pressure pulses
can be modified by the presence of the ocean surface and of the
ocean bottom (References (a) to (k))*. We are now interested in
knowing what happens when the free surface of the ocean 18 re-
placed by a layer of ice,

Another question related to Arctlic operations concerns the
use of high explosives to break a clearing 1n the ice pack, so
that nuclear submarines traveling under thick ice can have quick
access to the surface,

. A8 an early step in exploring these and severel other
questions experimentally, a test series was conducted at a fresh-
water lake in Minnesota called Moonshine Lake, The ice was
about two feet thick. More than 40 TNT spheres were fired,
ranging in weight from one pound to about 40 pounds. The charge
position varied from 20 feet below the ice to 2 feet above the
ice, Some preliminary results of these tests will be presented
here,

II. UNDERWATER SHOCK WAVE PRESSURES

Underwater shock wave pressures at Moonshlne Lake were
measured with 1/4-inch diameter tourmaline crystal gages., The
pressure sensed by each gage was displayed as a vertical de-
flection on an oscllloscope and recorded on a rotating drum
camera to produce the pressure-vs-time records presented here,

A, PROPAGATION PATHS

The pressure history at a particular underwater gage
locatlion can be described, in general, as the superposition of
several arrivals of the shock wave pulse, over different paths,
with different arrival times.

Figure 1 shows four possible propagation paths - ray
paths - from a particular explosion location to one particular
¥Such letters refer to list of references on Page 10,
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gage location. By means of arrival time calculations, these
four paths have been shown to correspond to various events on
the pressure-vs-time records from the underwater gages at
Moonshine Lake.

One path 1s the direct shock wave path. Another is the
reflection path, in which the shock wave is reflected from the
bottom of the ice. A third path i1s the one corresponding to
what 1s designated here as the "ice" wave., The fourth path
illustrated here is the air reflection path.

The experimental results can perhaps be described
most clearly by first considering each type of arrival separately,
and looking at the corresponding portions of some pressure records,

B. PRESSURE RECORDS FOR EACH TYPE OF ARRIVAL

l. Direct Shock Wave, Figure 2 shows a pressure-vs-
time record of a direct shock wave. This pressure pulse is
typical of underwater explosion shock wave pulses in free water -
that is, homogeneous water with no nearby boundaries. There 1is
a sudden rise in pressure, {ollowed by a decay which is expo-
nentlial at first, and slower at later times.

2. Reflected Wave, Figure 3 shows portions of four
different pressure-time records - only those portions in which
the reflected wave appears. In all cases the reflected wave is
superposed on the tail of the direct shock wave, because its
path length 18 greater than that of the direct shock wave, The
four records 1illustrate qualltatively the varlations in the re-
flected wave as a function of the angle of incildence,

Record (a) represents a configuration in which the
angle of incidence, o , is small - that 1s, the ray direction is.
close to the normal. The shape of the reflected pulse 1s similar
to that of the direct shock wave pulse, but the amplitude 1s
lower, partly because of the greater path length, and partly
because only a fraction of the incident energy 1s reflected
from the 1interface.,

The other three records represent angles of
incidence greater than the critical angle - that is, the angle
beyond which all the energy 1s reflected and none transmitted,
considering only compressional waves, In record (b), the
pressure In the reflected wave decays quickly. The pressure
contribution from the reflected wave then goes negative, bring-
ing the resultant pressure to a lower value than that due to the
direct wave alone.,

2
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As the incident sngle 1s increased further, repre-
sented by record (c), the initial positive pressure contribution
of the reflected wave is weaker, and has a gredual rise, rather
than a2 sharp front. The decay 18 very fast.

In record (d), the positive portion of the pulse
has virtually vanished, and the fast decay has become virtually
8 negative step.

In each of the last three records, the pulse shape
appears to be distorted in the manner that would be expected if
the incident pulse had undergone a phase shift independent of
frequency. The variation among the four records is qualitatively
in agreement with the prediction of acoustic theory that the phase
shift of a reflected wave varies from 0° to 1800 as the angle of
1nci%e?c3 varies from the critical angle to glancing. (See (1)
and (k).

‘ Acoustic theory, however, is inadequate in describ-
ing most of the reflected wave data. This 1s demonstrated by
the two pressure-time curves in Figure 4. In both cases the
charge weight was the same. The path length was the same, and
the angle of incidence was the same, at least as far as these two
can be determined simply from the geometry. The only difference
is that the positions of the charge and gage are interchanged, so
that in case (a) the peak pressure incident on the interface 1s
about 2000 psi, while 1in case (b) the incident pressure is about
8000 psi. Acoustic theory alone - that is, the theory of low
amplitude waves - does not predict any difference between the
two results, and 1s therefore inadequate, Instead, a finite
amplitude theory is required - one that taskes into account the
magnitude of the incident pressure.,

Previous analyses (J) indicate how the nonelinear
effects arise. The reflected wave front propagates into a
region through which the incldent wave front has just passed.
In the case of acoustic waves, the lncldent wave front leaves
behind 1t a region which is in approximately the same state as
the undisturbed medium. In the case of finlite amplituce waves,
however, the incident wave front leaves behind it a region of
high density and appreciable particle velocity; and it 1s into
this region that the reflected wave must propagate. As a
result, the angle of reflection is not, in general, equal to
the angle of incildence, and the ratio of reflected pressure to
incident pressure 1s different from that for the acoustic case.
For sufficiently high values of incident angle and incident
pressure, the reflection configuration breaks down qualitatively
also,

3
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Figure 5 describes empirically the reflection factor
as a function of the incident angle, a , for five different
values of incident pressure. The reflection factor 1is defined
here in a special way. It is the ratio of the peak pressure
contribution of the reflected wave, measured at a particular gage
location, to the pressure that would be expected there if the
pulse underwent no loss in peak pressure upon reflection., Both

o and the reflection factor were determined using the assumption
of an acoustlic reflection path, which is a simple function of the
geometry. These quantities are therefore appropriate for the solid
line curves on the graph, which correspond to the lowest value
of incident pressure -~ low enough so that acoustic theory can be
expected to apply. But the two quantities are quite artificial
for the dashed-line curves, which correspond to higher values
of incident pressure. The graph does, however, describe the
results in a useful manner,

Let us consider first the solid lines - the low
amplitude data, For angles of inclidence near the normal, the
results agree very well with acoustic theory6 For incident
angles greater than the critical angle of 26°, the results appear
to be consistent with acoustic theory, slthough detalled calcu-
lations have not been made. The negative values of reflection
factor correspond to the peak negative pressure contributions
of the reflected pulses.

When the incident pressure 18 higher, as represented
by the dashed curves, the reflection factor deviates from that
for the acoustic case; the greater the inclident pressure, the
greater 1s the deviation. For incident angles smaller than
critical, the deviation is toward smaller values of reflection
factor; for incident angles greater than critical, the deviation
is toward greater values of reflection factor, The data polnts
offer no reliable indication of how to draw the empirical curves
through the critical angle., As for the negative values of re-
flection factor, no effect of incident pressure is detectable
through the scatter in the few usable data points; therefore only
one curve was drawn through these points.

3. Ice Wave. Let us now consider briefly the arrival
of what we designate as the ice wave. This 1s the same type of
wave that has been variously called the ground wave, the head
wave, and the precursor. A typlcal ice wave arrival is shown
as the first event in record (a) of Figure 6, It has a slow
rise and a low amplitude, The arrival time 1is determined from
the ray path construction shown above this record. The path is
the same as that used in geophysical sounding to determine the
depths and sonic velocities of underground strata((l) and (m)).
The ray approaches the ice at the criticel angle; it refracts
according to Snell's law, traveling along the interface at the

4
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speed of sound in 1ice; and it ' 2rges at many points, entering

- the water at the critical angle The sound velocity in ice,
incidentally, is between 10,00 ind 11,000 feet per second, or
Just over twice the sound veloc¢. .y in water,

4, Alr-Reflected Wave, The air-reflected wave arrives
over the path illustrated on the right side of Figure 6. Refract-
ion occurs at the water-ice interface, and reflection occurs at the
ice-air interface, Since the acoustic impedance of air is lower

than that of ice, a negative reflection is expected from the ice-
alr interface.

The air-reflected wave appears as a cut-off of elther
the ice wave, as in record (a), or the reflected wave, as in
record (b), depending upon the angle of incidence., The thicker
the ice, the later 1s the arrival of the air-reflected wave,

5. Shear-Propagated Wave. In addition to the signals
arriving over the four types of propagation path previously dis-
cussed, a fifth type of signal was observed on many of the
pressure-time records. Arrival time calculations suggested that
these signals correspond to propagation paths such as either of
the two paths illustrated in Figure 7. These paths differ from
the two paths in the previous figure, ir that here the propagation
. velocity in lce is that of shear waves, only about 6,000 feet

per second, rather than that of compressional waves, The angles
of incidence and transmission are those that apply to this
velocity. (See (m}).)

The pressure-time record selected for 1llustration
here 1s the one in which the peak pressure ln the shear-propagated
wave 18 greatest, relative to that in the direct wave,

C. PEAK PRESSURE CONTOURS

Figure 8 contains three space plots of peak pressure,
one for each type of positive pulse involving the water-ice
interface. R 1s the horizontal distance from the charge; D 1s
the vertical distance from the image of the charge in the
interface, as shown in the diagram. In the graphs both dimensions
have been scaled to the cube root of the charge weight, W, so
that data for all the charge welights could be plotted together.

These graphs indicate that for each type of pulse there

is some region where 1ts peak pressure contribution is greater
than those of the other two types of pulse,

5
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D. COMPLETE PRESSURE RECORDS

Some examples of complete pressure-time records will
now be shown (Figure 9) to illustrate the relative pressures
and arrival times of the various pulses, for a variety of
geometries,

In record (a) the reflected wave is a positive pulse
superposed on the tall of the direct wave, and both are cut
off by the negative air-reflected wave,

In record (b) the ice wave and air-reficct:l wave
arrive before the direct shock wave, The reflected pulse,
which arrives later, consists of a small positive peak followed
immedlately by a large negative signal. The resultant absolute
pressure at that time goes no lower than about zero, because
natural water is unable to sustailn appreclable tensions. The
final arrival 1s the shear-propagated wave,

In record (c) both the reflected wave and the ice
wave are superposed on a portion of the direct wave, and all
three are cut off by the air-reflected wave,

In record (d) the peak pressure in the reflected wave
18 great enough and arrives early enough so that the resultant
peak pressure is greater than that due to the dlrect wave alone,

Record (e), in which the time scale 1s greatly com-
pressed, represents a long~range shallow-layer case. The
horizontal distance frgm the charge to the gage was 600 feet,
and the average water depth was about 50 feet., The first
positive pulse is the direct shock wave; the following negative
signal 1s probably the reflection from the ice; and the next
negative signal 1s probably the reflection from the bottom of
the lake, Subsequent signzls represent multiple reflection
paths, Each signal may be expected to be characterized by the
%umul?t§v§ phase changes 1t has undergone at all its reflections,

See (k).

The data from Moonshine Lake, together with information
on the approprilate characterlistics of the various types of
Arctic ice, can be used as a basis for predicting the pressure
histories for a wide variety of configurations., These results
may then be studied in an attempt to determine what modifications,
if any, should be made 1n the estimates of damage ranges and
weapon dellvery ranges due to the presence of 1ice.

6
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III. ICE BREAKING

Data from explosions tests beneath both lake 1ce and sea
ice have been applied to the problem of breaking a clearing in
thick ice by the use of an underwater explosion, in order to
give a submarine quick access to the surface.

As a historical footnote, this method was first proposed
in an article entitled "To the North Pole 1in a Submarine Boat
with Dynamite to Blow Holes in the Ice". The article was
written by the ploneer submarine designer, Simon Lake, in 1898.

The energy avallable for breaking ice by an underwater
explosion includes not only the energy in the shock wave pulse,
but also the energy associated with the subsequent bubble of
gaseous explosion products. Normally, the gas bubble expands
to its maximum size, and then alternately contracts and expands
until its energy is dissipated, or until it migrates to the
surface because of buoyancy, and vents, At the end of each
contraction phase, the bubble emits a pressure pulse,

Figure 10 shows a sequence of photographs of the above~
surface effects of an under-ice explosion, Typilcally, the
shock wave pulse causes the ice layer to rise in the shape
of a shallow dome, as in photograph (a). The effect of the
bubble appears elther before or after the dome begins to fall
back, depending upon the depth of explosion, As the bubble
reaches the surface, pleces of ice are thrown out, either mostly
upward or mostly radially, depending upon the phase of the bubble
motion at the time 1t vents. The resulting hole contains ice
debris of variable concentration and size distribution,

Figure 11 is a graph of the resultant hole radius as a
function of the charge depth, for the three charge sizes used
at Moonshine Lake. For each charge size, there appears to be an
optimum charge depth - that 1s, the charge depth yielding the
largest hole,

The optimum charge depth, and the corresponding hole radius,
are both approximately proportional to the cube root of the
charge weight. This 1s not surprising, in view of the following
two well-established scaling laws for geometrically similar con-
figurations, one relating to the shock wave, and the other to
the bubble, First, the distance at which a given value of peak
shock wave pressure occurs is proportional to the cube root of the
charge weight; and second, the maximum bubble radius expected in
free water is approximately proportional to the cube root of the
charge welght, for shallow charge depths,

7
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The peculiar shapes of these three curves can be shown to
be related to the size and the dynamic state of the bubble at
the time it vents, as a function of the depth of explosion.
This suggests that the bubble plays a more important role than
the shock wave in determining the size of the hole,

This result could be quite useful in satisfying the
operational requirements for a particular proposed ice-breaking
application, The requirements are that the hole size be
maximized, while the safe standoff distance of the submarine
during the explosion be minimlzed, so that the submarine can find
the hole quickly and reliably. The safe standoff distance is a
function of the shock wave parameters of the explosion. If,
on the other hand, the hole size 1s a function of the bubble
parameters, we can lmprove the tactical usefulness of the device
by choosing an explosive yielding relatively high bubble energy
but relatively low shock wave energy. (See (n).)

In order to obtain further evidence of the role of the
bubble in determining hole size, a laboratory experiment was
conducted, in which one-gram charges of various compositions
were fired at the optimum depth beneath a sheet of material
simulating ice. Filgure 12 shows two properties of the explosive,
and the resultant hole radius, each as a function of the exploslive
mixture - specifically, as a functlion of the proportions of PETN
and aluminum in the charge. The quantities 1n all three curves
are expressed relative to thelr values for the reference charge,

which contains no aluminum.

This graph demonstrates quite clearly that, at least for
the lce simulant, the hole radius is approximately proportional
to the bubble radilus, rather than to the shock wave characteristics,

For sea ice tests we therefore recommended HBX-3, a standard
explosive which has a relatively large ratio of bubble energy
to shock wave energy, although not as extreme as the optimum
condition on this graph.

Figure 13 compares the sea ice results (c) with Moonshine
Lake, All dimensions have been drawn scaled to the free-water
maximum bubble radius, in order to illustrate a test of the
prediction that there is a constant ratio of the hole radius
to the bubble radius., The proportlonality factor of 2, which
was found to apply to all three charge sizes at Moonshine Lake,
is found not to apply to the two sea 1ce test serles., The
differences in the proportionality factor may possibly be attri-
buted both to differences in scaled ice thickness, as a first
glance at this graph might suggest, and to differences in the
strength characteristics of sea ice (see (p)). Within each

8
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test series, however, the variation in hole radius, as a function
of charge size and charge depth, was consistent with the Moonshine
Lake results.

This indicates thaf, the Moonshine Lake results, together with
only a limited amount of data for each of the various types of
sea ice, as such data become avallable, can be used with reasonable
confidence to predict hole formation for a wide range of charge
sizes and ice conditions., Predictions based on existing data are
now belng used in studies relating to the design of submarine-
launched ice destructors for use in various tactical situations,

9
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